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In the kinetic Zollner illusion a stimulus moving over a background of oriented lines appears tilted away
from the line orientation. This ‘‘motion-tilt’’ illusion is a powerful demonstration of how form informa-
tion can inﬂuence the computation of motion, particularly in signaling motion direction. In the present
study, using a random dot stereogram of the kinetic Zollner illusion, we examined whether and how
the degree of motion tilt is affected when form and motion components of the illusion are separated
in depth. In Experiment 1 we showed that increasing the depth separation (by increasing binocular dis-
parity) between the moving stimulus and oriented lines attenuated the motion-tilt effect. Motion tilt
induction was observed for depth separations of 18 to 18 arcmin in uncrossed and crossed directions,
but not at larger separations. In Experiment 2 we showed that motion tilt induction in the kinetic Zollner
illusion was also observed when multiple oriented planes were presented in conjunction with a moving
stimulus. However, the direction and extent of the illusory motion tilt was determined by the nearest ori-
ented plane. Collectively, these ﬁndings show that the interaction of form and motion is dependent on
depth and is optimally tuned for a small range of separations.
Crown Copyright  2013 Published by Elsevier Ltd. All rights reserved.1. Introduction
Estimating the motion (i.e., speed and direction) of objects is
arguably one of the more important tasks that the visual system
performs. This computation is important in determining the rela-
tive position of textures, objects and surfaces in the three-dimen-
sional (3D) visual scene, which is the basis for visually guided
behaviour. While previous research has well established that the
estimation of motion is primarily derived from an object’s spatio-
temporal characteristics (e.g., Adelson & Bergen, 1985; Reichardt,
1961; Watson & Ahumada, 1985), this process is also dependent
on other stimulus attributes such as the object’s form, particularly
its spatial orientation (Burr & Ross, 2006; Geisler, 1999; Krekelberg
et al., 2003; Lorenceau & Alais, 2001; Or, Khuu, & Hayes, 2010, see
Nishida, 2011 for a review). A powerful demonstration of this effect
is seen in the kinetic Zollner illusion (see Khuu, 2012; Swanston
1984). In this effect, background lines acting as a frame of reference
deﬂect the perceived direction of motion of a stimulus (translating
over the lines) away from the line orientation (see Fig. 1A). Previ-
ous studies quantifying this motion tilt effect have reported max-
imum motion offsets of approximately 3–5 (e.g., Khuu, 2012;
Swanston, 1984), but the extent of distortion is reciprocal to the013 Published by Elsevier Ltd. All rangular offset between the motion direction and the orientation
of background lines.
Previous investigations of the kinetic Zollner illusion have pro-
vided useful insight into the mechanisms responsible for the com-
putation of motion, particularly with regard to the relative
importance of form information in signaling the direction of mo-
tion. For example, Khuu (2012) proposed that the kinetic Zollner
illusion reﬂects lateral inhibition between orientation-tuned
detectors sensing the orientation of background lines and the
motion smear/streak produced by the moving object. Because form
sensitive neurons (e.g., simple cells) integrate information over
brief periods (50–100 ms; see Alais et al., 2011; Barlow, 1958; Burr,
1980; Peterson, Ohzawa, & Freeman, 2001; Snowden & Braddick,
1991), the image of a translating object is smeared (along the cell’s
receptive ﬁeld), producing a ‘motion streak’ that extends away
from the object (Badcock & Dickinson, 2009; Geisler, 1999;
Or, Khuu, & Hayes, 2007; Ross, 2004). According to Geisler, the
visual system is sensitive to this orientation signal and motion
direction is determined by combining the output of a motion-
selective cell with that of an orientation-selective cell tuned to
the orientation of the motion streak. In the kinetic Zollner illusion,
it is thought that background lines distort the orientation of the
motion streak, and when it is combined with the output of a
motion detector, the perceived direction of motion is distorted. In-
deed, as Khuu reports, reducing object speed, contrast, and motion
streak length—which in turn attenuates the availability of motionights reserved.
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kinetic Zollner illusion. These ﬁndings with the kinetic Zollner
illusion are in agreement with the Apthorp and Alais (2009) who
reported a complementary ﬁnding in which the static tilt illusion
can be induced by moving elements producing motion streaks.
Previous studies have typically investigated the kinetic Zollner
illusion using two-dimensional (2D) stimuli in which both form
and motion components of the illusion are superimposed and im-
aged on the same frontoparallel plane. Although spatially restric-
tive, this arrangement has the advantage of characterizing the
interaction between form and motion mechanisms that operate
optimally at the same position in depth. However, this has meant
that relatively little is known about whether, and how, they inter-
act in 3D space; whether motion and form continue to interact
when they are separated in depth is particularly unclear. Previous
studies have established that the visual system is able to segregate
and localize objects in depth (e.g., Badcock & Schor, 1985; Berry,
1948; Blakemore, 1970; Howard, 1919; Lee et al., 2008; Westhei-
mer & Pettet, 1990), and it is likely that the individuation of form
and motion signals (in depth) will affect the degree to which they
interact. However, no study has yet identiﬁed the critical range of
depth separations over which this interaction might occur. The pri-
mary aim of the present study was to address this issue by employ-
ing a 3D version of the kinetic Zollner illusion to investigate
whether the motion tilt effect is observed when oriented lines
and the moving object comprising the stimulus are separated in
depth.
In investigating the interaction of form and motion in 3D space,
it is important to note that the visual system indirectly infers a
depth estimation from a host of binocular and monocular depth
cues that correlate with the depth conﬁguration of features in
the retinal image (Qian, 1997). The visual system primarily relies
on stereopsis, which is inferred from binocular disparity (i.e., the
difference in the retinal locations of the projections of an object
on the two eyes), to derive an estimation of depth structure (see
Howard & Rogers, 1995). Previous studies have described both
the neurobiological and behavioural speciﬁcity of the visual system
in deriving depth from stereopsis. For example, single cell record-
ing studies have shown the disparity tuning proﬁle of depth selec-
tive cells in a number of cortical areas in the visual processing
hierarchy (e.g., DeAngelis, Ohzawa, & Freeman, 1991; Tsao,
Conway, & Livingstone, 2003), and behavioural experimentation
has attested to the ability of the visual system to derive an accurate
metric estimate of depth from this cue (e.g., Badcock & Schor,
1985; Khuu & Hayes, 2005; Khuu, Li, & Hayes, 2006). Moreover,
previous studies have noted that stereopsis and disparity are
jointly processed in cortical areas such as area MT (see DeAngelis,
Cumming, & Newsome, 1998; Neri & Levi, 2008), which suggests
that a common neural substrate subserves their processing. Given
the specialization and accuracy of the visual system in deriving a
metric estimate of depth from binocular disparity, a stereo deﬁned
kinetic Zollner illusion was employed in the present study. This 3D
stimulus is well suited to the aims of the present study for a num-
ber of reasons. First, because the oriented lines and the moving ob-
ject are separate components of the stimulus, it is possible to
assign them to different planar surfaces and vary the relative depth
separation between them. Second, and most importantly, the mo-
tion tilt effect directly reﬂects the degree of interaction between
form and motion information (e.g., Apthorp & Alais, 2009; Khuu,
2012). This approach is similar to Apthorp and Alais (2009), who
investigated the affect of motion on static line tilt, and is an efﬁ-
cient way of quantifying the interaction between these two visual
attributes. Thus, for the purposes of the present study, measuring
the illusory tilt in the kinetic Zollner illusion provides a direct
way of measuring the depth range in which form and motion inter-
action is optimal.In Experiment 1, we used random dot stereograms of the kinetic
Zollner illusion to address whether the introduction of a binocular
disparity difference between a plane containing oriented lines and
a moving stimulus modulates the motion tilt effect, and if so what
is the range of disparities over which interactions occur. In Exper-
iment 2 we expand this line of enquiry and investigated whether
motion tilt judgments are affected when multiple differently ori-
ented surfaces/planes separated in depth are presented with a
moving stimulus. Here multiple planes might act to differentially
inﬂuence motion direction depending on their depth location to
the moving stimulus, which might suggest that the kinetic Zollner
illusion reﬂects processing between local disparity selective units.
Alternatively motion direction might be determined by the net ori-
entation of the two surfaces, which might reﬂect computation after
form information has been integrated by the visual system. In
Experiment 2, we addressed this issue by examining whether
depth proximity is critical in determining their selective inﬂuence
on perceived motion direction.2. Experiment 1: Motion tilt induction is tuned for stereo depth
Previous studies have established the role of binocular disparity
in the integration of local information in the perception of form
and motion. For example, Khuu and Hayes (2005) used Glass pat-
terns to assess global form detection, and demonstrated that the
integration of local orientation cues occurs over both 2D as well
as in depth, but that depth integration is optimal at range of binoc-
ular disparities. This characteristic is also reﬂected within the mo-
tion system: the integration of local velocities occurs over a small
range of disparities, particularly in the perception of global speed
and motion coherence (see Hibbard, Bradshaw, & DeBruyn, 1999;
Khuu, Li, & Hayes, 2006). The outcomes of these studies imply that
the processing of information within the form and motion systems
is mediated by functional mechanisms sensitive to, and optimally
tuned for, different binocular disparities (see Greenwood &
Edwards, 2006). This conjecture is well supported by single cell
recording studies that have identiﬁed and characterized the cells
in the visual cortex tuned to different ranges of binocular dispari-
ties (see DeAngelis, Cumming, & Newsome, 1998; Neri & Levi,
2008; Tsao, Conway, & Livingstone, 2003). However, little is known
about the degree to which binocular disparity inﬂuences the inter-
action between form and motion. In Experiment 1 we addressed
this issue by investigating the degree to which the orientation of
lines inﬂuences the perceived direction of a moving object sepa-
rated in depth. Given that the aforementioned studies demonstrate
that the processing within form and motion systems is tuned to
binocular disparity, it is reasonable to expect that this characteris-
tic is also reﬂected in their interaction. In particular, one might ex-
pect background line orientation to inﬂuence perceived direction
of motion over a small range of depth separations, but not at large
separations. In Experiment 1, we used the kinetic Zollner illusion to
quantify the optimal depth separations over which background
lines distort the perceived motion direction of a moving stimulus.
2.1. Methods
2.1.1. Observers
Six experienced observers participated in Experiment 1. All had
normal or corrected-to-normal visual and stereoacuity assessed
using the Titmus Fly Stereotest. Two were the authors while the
others were naïve to the aims of the experiment.
2.1.2. Stimulus
The stimulus (see Fig. 1A and B) was an 8-frame dynamic ran-
dom dot stereogram composed of non-overlapping white (60 cd/
Fig. 1. Schematic examples of the stimulus used in the present study. Figure (A) is a random-dot stereogram of the stimulus used in Experiment 1. When the two monocular
images are binocularly fused (crossed fusion), the stimulus shows a circle positioned ‘‘in front’’ of tilted lines. Note that in this ﬁgure the Zollner stimulus appears over a
background of black and white pixels, which, for demonstrative purposes, are assigned a lower contrast than the background lines and the moving stimulus. Note that in the
actual experiment all elements of the stereogram had the same contrast polarity, and therefore the Zollner stimulus was not perceptible in each monocular image. Figures (B)
are schematic examples of the two depth conﬁgurations used in Experiment 1. In (B.1) background lines were ﬁxed at 0 disparity and the depth position of the moving
stimulus was changed systematically. Figure (B.2) was the opposite condition in which the moving object was at 0 disparity and the position of the oriented lines was
changed in depth. Note that in both depictions, cast shadows were used for illustrative purposes to indicate the depth positions of the components of the kinetic Zollner
illusion. Cast shadows were not used in the actual experiments to signify depth.
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were randomly positioned within a rectangular area (length:
5.8, width: 4.5). Each frame of the movie was shown for 25 ms
in rapid sequence, so the entire stimulus duration was 200 ms. Dy-
namic texture was created by randomly changing the positions of
black and white squares on each frame transition of the movie se-
quence. This random dot stereogram presented a textured circle
(radius: 0.25) moving up over 11 textured oriented-lines (width:
0.25, length: 6) separated by an inter-line spacing of 0.25. Both
the form of the moving stimulus and the oriented background lines
were deﬁned only by horizontal binocular disparity, which was
produced by offsetting (in opposite directions) the spatial position
of corresponding black and white squares that formed the surfaces
of the moving stimulus and oriented lines in each monocular im-
age. Squares not associated with the components of the kinetic
Zollner illusion (i.e., the circle and oriented lines) were all assigned
an uncrossed disparity value of 1. Thus, under binocular fusion,
these ‘‘non-component’’ squares formed a plane that appeared be-
hind, and was well removed from, the motion and form compo-
nents of the kinetic Zollner illusion. To aid binocular fusion, the
stimulus was bordered by a black (10 cd/m2) rectangular frame
positioned at 0 disparity. Stimuli were generated using custom
software in MATLAB (version 8), and the random-dot stereogram
was presented centrally on the screen of a linearized 3D monitor
whose background colour was grey and set to a luminance of
40 cd/m2. The observers viewed the stimulus at a viewing distance
of 60 cm through polarized lenses.
2.1.3. Procedures
Observers were instructed to maintain ﬁxation throughout the
presentation on a black square (0.125  0.125, 10 cd/m2, 0 dis-
parity) placed 1.5 to the left of the centre point of the screen. At
the beginning of each trial, a blank screen (set to grey at a back-
ground luminance of 40 cd/m2) was shown for a period of
500 ms, after which the aforementioned stereogramwas presented
centrally for 200 ms. This brief presentation ensured that eyemovements were minimized (it was within the minimum duration
for saccadic latencies, e.g., Carpenter & Williams, 1995), and there-
fore that observers could not effectively track the moving stimulus.
As described, the stimulus was a stereo-deﬁned circle moving up
over oriented lines. At the beginning of the stimulus presentation,
the moving stimulus was positioned along the vertical midline of
the stimulus area and above the lower edge of the stimulus. The
vertical starting position was randomized (between 0.5 and 1.5
from the lower edge of the stimulus area) to ensure that observers
could not anticipate the starting position of the stimulus. On each
and subsequent frames of the movie sequence, the stimulus moved
up at a speed of 15/s, by displacing the stimulus at a ﬁxed spatial
step-size of 0.375/frame. After stimulus presentation, both the
moving stimulus and oriented lines disappeared from the stimulus
area and two aligned reference lines (width, 0.25, length, 2, lumi-
nance 10 cd/m2, disparity: 0) was displayed on the rectangular
frame of the stimulus, centred on the vertical midline. The task
of the observer was to indicate whether the stimulus was moving
up to the left or to the right of the reference lines by pressing left or
right keys on the keyboard.
Method of Constant Stimuli (MoCs) was used to present the
moving stimulus along nine different angular physical directions:
8, 6, 4, 2, 0, 2, 4, 6 and 8. A direction of 0 represents
vertical movement along the midline, negative values represent
directions leftward of the vertical midline, while positive values
represent rightward directions. The observer was presented with
the stimulus moving at these nine different directions 50 times
in a randomized order. Additionally, these MoCs judgments were
conducted for two different background line orientations of 15
and 90 to the right from vertical. Previous research has estab-
lished that an effective motion tilt effect is observed when the
angular difference between the motion direction and line orienta-
tion is small, particularly at 15, but no motion tilt effect is typi-
cally observed at a larger angular separation of 90 where lines
are orthogonal (i.e., horizontal) to the motion direction (see Khuu,
2012; Swanston, 1984). Thus, the latter condition is a baseline
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motion and form components of the kinetic Zollner illusion do
not interact. Note that when the background lines were set to
90, the stimulus area was still 5.8  4.5, but consisted of 11 lines
(width: 0.25 length: 4.5) that were evenly distributed (with an
inter-line spacing of 0.25) horizontally. Before data collection,
practice trials were given at the beginning of each trial to familiar-
ize the observer with the task. No feedback was given.
The above procedures were repeated for a depth conﬁguration
in which the moving object was ﬁxed at 0 disparity (corresponding
to the ﬁxation plane), while the depth position of the oriented lines
were displaced to crossed and uncrossed relative disparities of
36, 27, 18, 9, 0, 9, 18, 27, and 36 arcmin (see Fig. 1B.1). Note
that the stimulus component (i.e., either the moving stimulus or
oriented lines) nearest in depth to the observer always occluded
the other component. As to be thorough, we also measured the
motion tilt effect in the reverse depth conﬁguration in which the
oriented lines were ﬁxed at 0 disparity, and the moving stimulus
were displaced to the nine different depth levels mentioned above
(see Fig. 1B.2). Comparison of the motion tilt effect between these
two ‘‘object-ﬁxed’’ and ‘‘line-ﬁxed’’ conﬁgurations revealed
whether changing either the relative depth position of the moving
stimulus or the oriented lines was more effective in modulating the
motion tilt effect. In total there were 36 MoCs trials (i.e., two differ-
ent line orientations (15 and 90) repeated for the nine different
depth separations and the two depth conﬁgurations), and these tri-
als were performed in a randomized order with breaks in between
trials to avoid fatigue.Fig. 2. The motion tilt effect given by the PSE (motion direction in ) plotted as a
function of depth separation (between motion and form components of the
stimulus) denoted by the degree of binocular disparity (in arcmin) for depth
conﬁgurations in which either the moving object (A) or oriented lines (B) were
positioned at 0 disparity. In each plot, black squares denote data for conditions in
which background lines were oriented at 15, while grey circles denote data in
which lines were oriented at 90. These data are the average of six observers and
error bars represent 95% conﬁdence intervals.2.2. Results and discussion
The proportion of times in which the moving stimulus was
judged to be moving rightwards was determined for the nine dif-
ferent physical directions of the moving circle. Logistic function
ﬁt to these data (average R2: 0.96) provided an estimate of Point
of Subjective Equivalence (PSE) which corresponded to the physi-
cal direction at which observers equally judged the object as mov-
ing up to the left, or right, of vertical. Importantly, the sign and
magnitude of the PSE provides a direct measure of the motion tilt
effect because it speciﬁes the amount of physical offset required to
cancel the perceived illusory tilt, and for the object to appear mov-
ing vertically. These data analyses were repeated for the two differ-
ent background line orientations, the nine different depth
separations and for the two (object-ﬁxed and line-ﬁxed) depth
conﬁgurations. The data trend was similar for all observers, and
accordingly, we plot the average PSE values (error bars signify
95% conﬁdence intervals) in Fig. 2 as a function of the depth sepa-
ration (binocular disparity in arcmin) between the oriented lines
and moving stimulus for the two depth conﬁgurations (Fig. 2A: ob-
ject-ﬁxed) or the oriented lines (Fig. 2B: line-ﬁxed). In each plot,
grey circles are PSE values for conditions in which background line
orientations were 90, while black squares are data in which back-
ground lines were oriented at 15.
When background lines were oriented at 90 (grey circles), the
PSE was approximately 0 and did not systematically change with
the depth separation between form and motion components of the
stimulus. Indeed, a repeated measures one-way ANOVA conﬁrmed
that the PSEs for different depth separations were not signiﬁcantly
different (p > 0.05), and this data trend was the same for both ob-
ject-ﬁxed (Fig. 2A: F(8,40) = 1.64, p = 0.98) and line-ﬁxed depth
conﬁgurations (Fig. 2B: F(8,40) = 1.06, p = 0.58). Thus, when lines
were oriented 90, there was no motion tilt effect because a PSE
of 0 indicated that there was no perceptual discrepancy between
the physical and perceived direction of the moving stimulus. These
ﬁndings replicate those previously reported by Khuu (2012) andSwanston (1984), and demonstrated that form and motion do not
interact when there is a large angular difference between the direc-
tion of the moving stimulus and oriented lines.
When the stimulus translated over lines oriented 15 (black
squares), motion tilt induction was observed; to negate the motion
tilt effect the moving stimulus had to physically move in direction
of the lines by approximately 4–6. However, the degree of motion
tilt induction was dependent on the depth separation between the
moving object and oriented lines. As shown in Fig. 2A and B, mo-
tion tilt induction was the strongest at small depth separations
around 0 arcmin, but decreased symmetrically in crossed and un-
crossed directions at larger separations. At the two largest separa-
tions, (i.e., 36 and 36 arcmin) no motion tilt effect was observed
as the PSEs was approximately 0, and not different from the 90
baseline condition (grey circles).
The data trend obtained for lines tilted 15 are clearly tuned for
binocular disparity approximately centred on 0 disparity. To
approximate this tuning function, we ﬁtted Gaussian functions
(using GraphPad Prism version 6) to individual observer data
(average R2: 0.897), and the average of these ﬁts are shown as solid
black lines in Fig. 2 for object-ﬁxed and line-ﬁxed conditions.
D’Agostino–Pearson omnibus test performed on the average data
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distributed, and was not signiﬁcantly skewed and or kurtotic (ob-
ject-ﬁxed: K2 = 3.416, p = 0.18; line-ﬁxed: K2 = 1.164, p = 0.55).
Moreover, the function ﬁts between these two stimulus conditions
report similar amplitudes standard deviations. The mean observer
amplitude at 0 disparity for the two object- and line-ﬁxed condi-
tions were 5.38 arcmin (±0.869 arcmin) and 5.5 arcmin
(±0.661 arcmin) respectively, and their standard deviations (SD)
were 14.2 arcmin (±1.83 arcmin) and 13.19 arcmin (±1.48 arcmin)
respectively; error bars indicate 95% conﬁdence intervals. Paired
t-tests (two-tailed) conﬁrmed that the mean amplitude
(t(5) = 0.49, p = 0.64) and SD (t(5) = 1.596, p = 0.15) of the Gaussian
ﬁt was not signiﬁcantly different between the two stimulus condi-
tions. This indicated that both conditions produced similar motion
tilt effects, and the extent in depth over which form and motion
interact was very similar regardless of whether it was the depth
position of the object or the lines that was ﬁxed at 0 disparity. This
suggests that the depth separation between form and motion com-
ponents of the stimulus, rather than their relative depth order, is
important in their interaction. This observation is in agreement
with a number of previous investigations that have demonstrated
that the relative depth order of stimuli is not critical in breaking
camouﬂage (see McKee et al., 1997; Wardle et al., 2010) or the
detection of global form and motion in depth (see Khuu & Hayes,
2005; Khuu, Li, & Hayes, 2006).
Note that the average SD of both conditions was 13.69 arcmin
which from the normal distribution gives a full bandwidth at
half-height of approximately 32 arcmin. Importantly, this tuning
bandwidth is well within the range reported by single cell record-
ings from disparity selective units in the visual cortex in both mon-
key (e.g., Tsao, Conway, & Livingstone, 2003) and human brain
imaging studies (see Cottereau et al., 2011). This observation raises
the possibility that the results of Experiment 1 might reﬂect the
processing of disparity-tuned mechanisms in the primary visual
cortex (see Section 4).
To gauge the statistical signiﬁcance of the results of Experiment
1, two-way repeated-measures ANOVA comparing the effect of line
orientation (factor 1: 90 vs. 15) and depth separation (factor 2: 9
levels from 36 to 36 arcmin) on the motion tilt effect, was indi-
vidually performed for the two depth conﬁgurations. For the con-
ﬁguration in which the position of the moving object was at 0
disparity (Fig. 2A), this analysis revealed a signiﬁcant interaction
between the two factors (F(8,45) = 18.28, p < 0.0001). This indi-
cated that the effect of depth separation on the motion-tilt effect
was different for the two different line orientations and conﬁrms
our original observation that a motion tilt effect was observed
for line orientations of 15, but not for 90. Further, main effects
were observed for both factors of line orientation (F(1,45) =
90.01, p < 0.0001) and depth separation (F(8,45) = 21.70,
p < 0.0001). This suggests that changing line orientation and depth
separation signiﬁcantly affected the degree of perceived motion tilt
measured in Experiment 1. However, post hoc Bonferroni multiple
comparison tests revealed that motion tilt induction (indicated by
a signiﬁcant difference (p < 0.01) between the PSEs for the 15 and
the 90 line-orientations) was observed only at small depth separa-
tions—separations of less than approximately 18 to 18 arcmin. At
larger values no motion tilt effect was observed as the PSEs for
both line-orientations were approximately 0 and not signiﬁcantly
different (p > 0.05). A similar pattern of outcomes was also ob-
served for the other depth conﬁguration in which lines were ﬁxed
at 0 disparity and the object displaced in depth (Fig. 2B). Here, sig-
niﬁcant main effects of both line orientation (F(1,45) = 147.44,
p < 0.0001) and depth separation (F(8,45) = 21.74, p < 0.0001) was
observed, and the interaction was also signiﬁcantly different
(F(8,45) = 19.99, p < 0.0001). Again, Bonferroni post hoc tests
revealed that motion tilt induction was observed at depthseparations less than approximately 18 arcmin in both crossed
and uncrossed directions.
In summary, Experiment 1 indicates that the perception of ki-
netic Zollner illusion persists in depth, but that this effect is di-
rectly dependent on the depth separation between the form and
motion components of the stimulus. Motion tilt induction is ob-
served for small depth separations, but the effect reduces with
increasing separation, and no effect was observed at the largest
depth separation employed in the present study (depth magni-
tudes of approximately 27–36 arcmin).3. Experiment 2: Motion tilt induction by multiple oriented
planes
Experiment 1 showed that oriented lines bias the perceived
direction of moving object within a small range of depth separa-
tions in the Kinetic Zollner illusion. In that experiment, judgments
of motion direction were made using a stimulus in which all lines
had the same orientation and were located at the same position in
depth. Accordingly, motion direction was directly inﬂuenced by a
single 2D surface/plane containing oriented lines. However, it is
not clear how perceived motion direction is affected whenmultiple
planes consisting of differently oriented lines are presented in con-
junction with the moving stimulus (see Fig. 3). Fig. 3A depicts a
‘‘moving’’ (denoted by the arrow) stimulus positioned in the mid-
dle of two planes of oppositely oriented lines (foreground: 15 and
background: 15) located at different depths. Two possible out-
comes can be predicted from this arrangement: either the motion
tilt effect is inﬂuenced by a combination of both planes, or one of
the two planes dominates to determine motion direction.
With regard to the ﬁrst possibility, Khuu and Hayes (2005)
demonstrated that the visual system is capable of integrating spa-
tial orientation information across depth to perceive global form.
Accordingly, one might predict that the visual system would
equally integrate the orientation of both planes, and that the resul-
tant orientation determines motion direction. In turn, for the depth
conﬁguration highlighted in Fig. 3A, no motion tilt effect ought to
be expected because there is no net orientation difference after
both planes are combined. Alternatively, with regard to the second
possibility, the visual system might place greater preference to one
particular plane contingent on their depth proximity. As Experi-
ment 1 showed, depth proximity contributes to the determination
of form and motion interaction, and therefore the visual system
might place greater emphasis on the nearest oriented plane when
determining motion direction. In this case, changing the relative
separations of the planes in Fig. 3A ought to modulate the degree
to which they inﬂuence the motion tilt effect. In Experiment 2
we examined whether changing the relative depth separation be-
tween the two sets of lines is critical in producing a motion tilt ef-
fect, thereby verifying which of these two possibilities provides a
valid account of the 3D kinetic Zollner illusion.3.1. Methods and procedures
In Experiment 2 we used the same methods and stimulus as
those employed in Experiment 1, but also included an additional
oriented plane consisting of lines oriented at 15. Four of the 6
observers (one was an author) in Experiment 1 participated in this
second experiment. In this experiment, the moving stimulus was
always placed at 0 disparity, and planes consisting of different ori-
ented lines were presented at crossed and uncrossed disparities.
Lines presented at uncrossed disparities were oriented at 15,
while lines presented at crossed disparities were oriented in the
opposite direction at 15 (see Fig. 3). Across all experimental
conditions, the depth separation of the 15 plane was ﬁxed at a
Fig. 3. An example of the stimulus used in Experiment 2 is shown in (A). Crossed fusion of these two images reveals a stimulus in which differently oriented planes are
equally spaced in depth from the moving stimulus which was at 0 disparity. A schematic depiction of the stimulus conﬁgurations used in Experiment 2 is shown in (B).
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tematically displaced in depth at disparities of 3, 4.5, 6, 7.5, 9,
10.5 and 12 arcmin. When the binocular disparity of the 15 plane
was at 7.5 arcmin, it was equally separated in depth as the 15
plane (7.5 arcmin) relative to the moving stimulus. Values less
than 7.5 arcmin positioned the 15 plane closer to the moving
stimulus, while greater values placed this plane further away than
the 15 plane. This disparity range is much smaller that used in
Experiment 1, but still well within the range for which motion tilt
induction was observed, allowing for both planes to be effective in
inﬂuencing the direction of the moving stimulus.Fig. 4. PSE (motion direction in ) plotted as a function of the depth position of
oriented lines placed at crossed disparities. The dotted line (at 7.5 arcmin) indicated
the depth position at which both oriented planes were equally separated in depth
relative to the moving object. Errors bars signify 95% conﬁdence intervals.3.2. Results and discussion
The data was analyzed in a similar manner to Experiment 1 to
determine the PSE which indicated the physical direction of the
moving stimulus at which it appeared to be moving vertically. As
the data trend for all six observers was similar, the averaged PSE
are shown in Fig. 4 as a function of the depth position (disparity
in arcmin) of the 15 plane. The vertical dotted line (at 7.5 arcmin)
indicates the depth position at which both planes were equally
separated in depth from the moving stimulus. Fig. 4 shows that
while the relative depth separations of both planes were well with-
in the range over which form and motion were previously shown
to interact (see Experiment 1), the visual system does not equally
combine them to inﬂuence the moving stimulus. Rather, the mo-
tion tilt effect was signiﬁcantly affected (one-way repeated mea-
sures ANOVA: F(6,18) = 46.88, p < 0.0001) by their relative depth
separation, and motion direction was determined by the depth
plane closest to the moving stimulus.
Motion tilt induction was not observed (PSE was approximately
0) when both planes were equally spaced in depth relative to the
moving stimulus (i.e., when the 15 plane was at 7.5 arcmin). Using
this ‘‘no-tilt-effect’’ condition as a baseline comparison, post hoc
Bonferroni multiple comparison tests, revealed signiﬁcant motion
tilt effects (p < 0.01) at depth separations less than 6 arcmin, andfor values greater than 9 arcmin. When the 15 plane was close
to the moving object (at disparities of 3 and 4.5 arcmin) motion tilt
induction was approximately 2–4.5, and therefore in a direction
consistent with it. However, when this plane was located further
away in depth (at disparities of 10.5 and 12 arcmin), the PSE was
in the opposite direction (2 to 3.5) and consistent with motion
tilt induction by the 15 plane, which was closer to the moving
stimulus. Note that the motion tilt effect reported in Experiment
2 is much smaller (by approximately 1.5) than that reported in
Experiment 1 in which only one plane was used to produce an illu-
sory motion tilt. The smaller tilt effects reported in Experiment 2
most likely result from the counterbalancing effects both planes
have on the moving stimulus, but the relative inﬂuence of a partic-
ular plane on motion direction is determined by its depth proxim-
ity to the moving stimulus.
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tem does not equally combine different orientations in depth to
determine direction of motion. Rather, greater emphasis is placed
on form signals that are closest in depth proximity. These ﬁndings
implicate that the motion tilt effect is consistent with processing at
a stage of visual analysis before orientation cues are integrated to
detect global structures. Thus, while Khuu and Hayes (2005)
showed that the visual system is capable of integrating local orien-
tations in depth to detect global form, the motion tilt effect does
not occur prior to this level of analysis. This conclusion is in agree-
ment with previous studies that have accounted for the Zollner
illusion in terms of lateral inhibition between local orientation
tuned units in primary visual cortex (e.g., Blakemore & Tobin,
1972; Khuu, 2012; Morikawa, 1987; Swanston, 1984), and not
between global detectors in extrastriate areas.4. General discussion
The present study investigated the degree to which form and
motion information interact in 3D space. Using a 3D version of
the kinetic Zollner illusion, the motion tilt effect was measured
for different depth separations (by changing binocular disparity)
between planes containing oriented lines and a moving stimulus
(Experiment 1). We observed motion tilt induction for a range of
small depth separations (in crossed and uncrossed directions),
but motion tilt induction was not observed at large depth separa-
tions. In Experiment 2, we further observed the importance of
depth proximity by examining how motion direction was deter-
mined when two depth planes containing oriented lines were pre-
sented in conjunction with a moving stimulus. Results indicated
that the motion tilt effect was determined by the nearest oriented
plane. These ﬁndings add to a growing body of literature that con-
ﬁrms the interaction of form and motion processes in visual
perception.
As mentioned in the Introduction, Khuu (2012) proposed that
the kinetic Zollner effect might be accounted for by lateral inhibi-
tion between orientation-selective cells sensing the background
lines and the motion streak produced by object motion. This expla-
nation can also be applied to account for the ﬁndings of the present
study. Previous single cell recording studies have established that
orientation-selective neurons in primary visual cortex are also
tuned for binocular disparity (with typical tuning bandwidths of
approximately 0.5, see DeAngelis, Ohzawa, & Freeman, 1991; Tsao
et al., 2003), and it is possible that motion tilt induction (reported
in the present study) arises from the lateral inhibition of orienta-
tion-selective cells tuned to the same binocular disparities. Our
data generally supports this assertion. As noted in Experiment 1,
Gaussian ﬁts to the data revealed a tuning bandwidth consistent
with disparity-tuned neurons in the visual cortex. In particular,
motion tilt induction arises when the cells detecting background
lines and the motion streak are tuned to overlapping/similar dis-
parities, but no effect is observed at large separations in which cells
are tuned for different disparities. Moreover, this solution is not
contingent on whether the moving stimulus or lines are displaced
in depth, which accounts for the similarity in performance be-
tween object-ﬁxed and line-ﬁxed conﬁgurations in Experiment 1.
The lateral inhibition between disparity-tuned cells also accounts
for the ﬁndings of Experiment 2. Orientation-tuned cells process-
ing the nearest plane predominantly inﬂuences stimulus motion
because they exert stronger inhibition (than cells coding the fur-
ther plane) on motion-streak detectors, which determines motion
direction.
The ﬁndings of the present experiment are also consistent with
a number of previous studies that investigated the effect of depth
separation on visual search (see Andersen & Kramer, 1993; Atchleyet al., 1997; He & Nakayama, 1994). For example, Nakayama and
Silverman (1986) showed that search reaction times were depen-
dent on the depth separation between target and ﬂankers. Search
is inefﬁcient at small depth separations, suggesting that target
and ﬂankers are serially integrated by a common mechanism.
However, search becomes more efﬁcient at large depth separa-
tions, with target search reaction times largely independent on
the number of distracter elements. Nakayama and Silverman
(1986) accounted for this ﬁnding by noting that large depth sepa-
rations produce a ‘‘pop-out effect’’ which allows observers to ‘‘at-
tend’’ to the target, leading to parallel search performance. In the
present study, it was noted that motion tilt induction was also
abolished at large depth separations. It is therefore possible that
an analogous pop out effect is observed with the 3D kinetic Zollner
illusion, and that our results can be accounted for by an attentional
process. At large depth separations, the visual system is able to at-
tend to the moving stimulus and effectively ignore the background
lines. While it is not possible to conﬁrm or rule out an attentional
processes—the experiments conducted were not designed to inves-
tigate this distinction—it is worth noting that the depth separation
required for attentional pop-out and efﬁcient search is much smal-
ler than the critical separation required for form and motion com-
ponents of the kinetic Zollner illusion to no longer interact.
Nakayama and Silverman reported a minimum depth separation
of 6 arcmin for efﬁcient search (see also Andersen & Kramer,
1993), while motion tilt induction in the present study was elimi-
nated by approximately 27 arcmin. Narrow disparity tuning func-
tions (6–9 arcmin) consistent with Nakayama and Silverman
have also been reported for other behavioural judgements such
as breaking camouﬂage (McKee et al., 1997; Wardle et al., 2010)
and symmetry detection (e.g., Treder & van der Helm, 2007; Yaku-
shijin & Ishiguchi, 1999). Importantly, while these studies show
that visual system is well able to use binocular disparity to detect
and segregate objects from the background, perceptual segregation
does not automatically preclude interaction across depth. In our
study motion and form interacted across depth separations greater
than that is required for the visual system to individuate the form
of elements. This would indicate that the processes underlying the
integration of motion and form in depth are likely to be different
to, and occur after, those involved in attention driven search and
identiﬁcation of information in depth.
Finally, the ﬁndings of the present study have direct implica-
tions for a number of neural models that seek to characterize the
interaction of form and motion (e.g., Beck & Neumann, 2009;
Berzhanskaya, Grossber, & Mingolla, 2007; Liden & Pack, 1999;
Tlapale, Masson, & Kornprobst, 2008). Such models are predomi-
nantly applied to account for the interaction of form and motion
in 2D space, but are yet to elaborate to provide an account for this
interaction in 3D space. The results of the present study are imme-
diately useful to the development of such models. For example, the
integrative rules adopted by such models can be reﬁned to reﬂect
the depth range over which the present study has shown form and
motion to interact. These reﬁnements provide a more comprehen-
sive and valid account of how the visual system determines
motion.5. Conclusion
In conclusion, the present study used the kinetic Zollner effect
to demonstrate that motion and form information interact in
depth, but that this interaction is optimal for small depth separa-
tions. Additionally, when multiple planes of oriented lines are pre-
sented with a moving stimulus, the closest lines in depth
predominately inﬂuences the perceived direction of motion. These
ﬁndings extend our understanding of the processing of form and
S.K. Khuu, D.D. Kim / Vision Research 83 (2013) 48–55 55motion information by highlighting that depth proximity is a crit-
ical factor that determines their interaction in 3D space.
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